The genetic code is the universal cellular translation table to convert nucleotide into amino acid sequences. Changes to sense codons are expected to be highly detrimental.
Introduction
The genetic code determines the translation of nucleotide into amino-acid sequences.
Any change in the code altering the meaning of a codon would introduce errors into every translated message and thus be highly detrimental or lethal (Knight et al. 2001a ). Therefore, negligible if being optimal or not (Freeland and Hurst 1998; Freeland et al. 2000) the canonical genetic code was long thought to be immutable and termed a "frozen accident" of history (Crick 1968 ). However, reassignments of single or multiple codons in mitochondria (Knight et al. 2001b ) and nuclear genomes (Lozupone et al. 2001; Miranda et al. 2006 ) demonstrated that the code can evolve (Knight et al. 2001a; Koonin and Novozhilov 2009; Moura et al. 2010) . Several codons have been reassigned in independent lineages. Most nuclear code alterations reported so far are stop codon and CUG codon reassignments. Mainly three theories have been proposed to explain reassignments in the genetic code. The codon capture hypothesis states that a codon and subsequently its then meaningless cognate tRNA must disappear from the coding genome, before a tRNA with a mutated anticodon appears changing the meaning of the codon (Osawa and Jukes 1989; Osawa et al. 1992 ). Genome replication bias (GC or AT pressure) is thought to cause codon disappearance. In contrast, the ambiguous intermediate hypothesis postulates that either mutant tRNAs, which are charged by more than one aminoacyl-tRNA synthetase, or misreading tRNAs drive genetic code changes Yarus 1994, 1996) . The ambiguous codon decoding leads to a gradual codon identity change that is completed upon loss of the wild-type cognate tRNA. The alternative CUG encoding as serine instead of leucine in Candida and Debaryomyces species (the socalled alternative yeast code; AYCU) has strongly been promoted as example for the ambiguous intermediate theory. Stated reasons are that the CUG codon decoding is ambiguous in many extant Candida species Suzuki et al. 1997) , the CUG codon decoding can -at least in part -be converted Bezerra et al. 2013) , and the origin of the Ser CAG tRNA has been estimated to precede the separation of the Candida and Saccharomyces genera by about 100 million years (Massey et al. 2003) . However, the ambiguous decoding of the CUG triplet in extant "CTG clade" species is caused by slightly inaccurate charging of the Ser CAG tRNA and not by competing tRNAs. Third, the genome streamlining hypothesis notes that codon changes are driven by selection to minimize the translation machinery (Andersson and Kurland 1995) . This best explains the many codon reassignments and losses in mitochondria. By analysis of the conservation of amino acid types and CUG codon positions in motor and cytoskeletal proteins we recently showed that these proteins allow to unambiguously assign the standard genetic code or AYCU to yeasts (Mühlhausen and Kollmar 2014) . Plotting the assigned code onto the yeast phylogeny demonstrated the AYCU to be polyphyletic with "CTG clade" species and Pachysolen tannophilus grouping in different branches. Sequence conservation clearly showed that Pachysolen does not encode CUG by leucine. However, Pachysolen did not share any CUG positions with other yeasts. This prompted us to determine the identity of the Pachysolen CUG encoding by molecular phylogenetic and proteome analyses.
Results

A new nuclear genetic code in the yeast Pachysolen tannophilus
We determined the s tRNA CAG in 60 sequenced yeast species (Table S1) b  u  t  d  i  f  f  e  r  e  n  t  t  e  r  t  i  a  r  y  s  t  r  u  c  t  u  r  e  s  s  e  e  m  t  o  b  e  i  m  p  o  r  t  a  n  t  f  o  r  d  i  s  c  r  i  m  i  n  a  t  i  n  g  s  e  r  i  n  e   a  n  d  l  e  u  c  i  n  e  t  R  N  A  s  (  A  s  a  h  a  r  a  e  t  a  l  .  1  9  9  3  ,  1  9  9  4  )  .  A  l  t  h  o  u  g  h  i  d  e  n  t  i  t  y  e  l  e  m  e  n  t  s  a  r  e   i  n  v  a  r  i  a  n  t  f  o  r  t  h  e  r  e  s  p  e  c  t  i  v  e  c  o  d  o  n  f  a  m  i  l  y  b  o  x  t  R  N  A  s  ,  t  h  e  s  a  m  e  e  l  e  m  e  n  t  s  m  i  g  h  t  b (Suzuki et al. 1997 ), but other potential mischargings have never been analysed. We suppose that genetic code changes such as the CUG translation as alanine in Pachysolen also remained undetected in the analyses of other sequenced genomes.
History of the CUG-decoding tRNA
To reconstruct the history and origin of all yeast s tRNA CAG we performed in-depth phylogenetic analyses of all . According to the codon capture theory, CUG codons need to have disappeared before their reassignment at the split of the "CTG clade" (Fig. 2) 
The tRNA loss driven codon reassignment mechanism
The observed polyphyly of the CAG-tRNAs and the CTN family box reassignments are better described by a tRNA loss driven codon reassignment process as follows ( Fig. 2 (aaRSs) recognize their cognate tRNAs at least at two different regions, most prominently at the discriminator nucleotide "N73" at the acceptor stem, and at the anticodon (Saks et al. 1994; Giegé et al. 1998; Giegé and Eriani 2015) . However, the recognition sites of leucine, serine and alanine aaRSs do not include the respective anticodons of leucine, serine, and alanine codons, providing an explanation that only these tRNAs 
Materials and Methods
Growth and lysis of Pachysolen tannophilus NRRL Y-2460
Pachysolen tannophilus NRRL Y-2460 was obtained from ATCC (LGC Standards).
Cells were grown in YFPD medium at 30°C, harvested by centrifugation (20' at 5,000
x g), and washed and resuspended in lysis buffer (50 mM HEPES pH 6,8, 100 mM KCl). The cells were disrupted by three passages through a French press (20,000 lb/in 2 ) at 4°C, and intact cells and the cell debris removed by centrifugation (10' at 15,000 x g). The supernatant was subjected to SDS-PAGE gel electrophoresis.
Genome annotation
The Pachysolen genome assembly (Liu et al. 2012 ) has been obtained from NCBI (GenBank accessions CAHV01000001-CAHV01000267). Gene prediction was done grouped within the Candida alanine and valine tRNAs. To finally resolve tRNA codon type relationships and reconstruct CAG tRNA evolution, we increased sequence and taxonomic sampling. Therefore, we randomly selected three to ten homologs from all leucine, serine, and alanine isoacceptor tRNAs from all 60 yeast species, and similar numbers of tRNAs from a selection of valine, phenylalanine, methionine, arginine, isoleucine and threonine -2 0 -codon types. Identical CAG tRNA sequences from gene duplications were removed resulting in an alignment of 172 tRNA sequences (Fig. S2) . To refine the resolution of tRNA relationships within codon family boxes, we manually removed mitochondrial Leu-, Ser-, and Ala-tRNAs from the datasets and performed separate phylogenetic analyses of all NAG-tRNAs (320 leucine isoacceptor tRNAs), NGA-tRNAs (776 serine isoacceptor tRNAs), and NGC-tRNAs (824 alanine isoacceptor tRNAs; Figs.
S7-S9). Sequence redundancy was removed using the CD-HIT suite (Li and Godzik 2006) generating reduced alignments of representative sequences of less than 95% identity (80 Leu-tRNAs, 76 Ser-tRNAs, and 70 Ala-tRNAs).
Phylogenetic trees were inferred using Neighbour Joining, Bayesian and Maximum FastTree was performed with 1,000 replicates. Phase was used with a mixed model, the REV-Γ model for the loops and the RNA7D-Γ model for the stem regions, which were given by a manually generated consensus tRNA secondary structure. Phase was run with 750,000 burnin and 3,000,000 sampling iterations, and a sampling period of 150 cycles. The phylogenetic network was generated with SplitsTree v.4.1.3.1 (Huson and Bryant 2006) using the Neighbor-Net method to identify alternative splits. 1 -
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Figure legends
Figure 2
The mechanism of CUG codon reassignment. a) Decoding and origin of the s tRNA CAG were plotted onto a time-calibrated yeast phylogeny adapted from (Mühlhausen and Kollmar 2014) using the same colour scheme as in Fig. 1A b) The four CUN codons can be decoded by several combinations of tRNAs using standard and wobble base
